Abstract
INTRODUCTION
It is well known that human activities are altering the distribution of the earth's biota at an unprecedented scale and pace (Essl et al. 2013) . As a consequence, during the last decades, the number of invasive species has increased drastically in many parts of the world (Pyšek et al. 2010) , and nowadays plant invasions have become a significant threat to biodiversity and ecosystem functioning (Hooper et al. 2005; Liao et al. 2008 Mack et al. 2000 . However, while there are a growing number of studies reporting the impacts of invasive plants on species, communities and ecosystems (Vilà et al. 2011) , the mechanisms underlying the invasion process are still not completely elucidated (Blackburn et al. 2011; Lapiedra et al. 2015; Levine et al. 2003) . Therefore, the study of the relationships between life-history traits that may favour the invasiveness of species and the invasibility of the environments (habitat conditions) is necessary to improve our knowledge about invasion success. In this regard, some clonal traits, such as physiological integration, have often been proposed to explain the widespread ecological success of many aggressive invaders (Liu et al. 2006; Price and Marshall 1999; Pyšek 1997; Roiloa et al. 2015; Song et al. 2013) . Clonal growth is characterized by the vegetative production of numerous offspring individuals, called ramets, which may cover considerable areas in natural environments. Although ramets may become independent, they often remain interconnected via stolon or rhizome internodes for a variable period of time, leading to the formation of fairly large and long-lived clonal systems (Price and Marshall 1999) . The maintenance of these systems is facilitated by the capacity of clonal species for physiological integration (i.e. the ability to share resources such as water, carbohydrates and mineral nutrients between interconnected ramets). In most clonal plants, such resource translocation is predominantly acropetal (i.e. from older to younger ramets), while reciprocal translocation between ramets is usually limited (Pitelka and Ashmun 1985) . Literature about physiological integration generally report net benefits to ramets growing under unfavourable conditions as consequence of the support received from ramets growing in more favourable patches (e.g. Hartnett and Bazzaz 1983; Roiloa and Retuerto 2006; Roiloa et al. 2010 Roiloa et al. , 2014a Saitoh et al. 2002; Xiao et al. 2011) . Thereby, clonal integration can be understood as part of a tolerance strategy that may enhance the survival chances of clonal plants growing in resource heterogeneous environments (Stuefer et al. 1994 and references therein; Wang et al. 2008; Yu et al. 2002) .
The high plasticity of many clonal plants allows them to adjust the morphology of their clonal growth organs (e.g. rhizomes and stolons) and roots in response to resource availability (de Kroon and Hutchings 1995) . This clonal architecture differs among plant species and even within a species in different environments (Bell 1980; de Kroon and Knops 1990) . Thus, plastic responses of plants to cope with stressful conditions could be adaptive (Dudley and Schmitt 1996; Hartnett and Bazzaz 1983; Richards et al. 2006; van Kleunen and Fischer 2005) . In this line, previous studies suggest that physiological integration in clonal plants is an example not only of plasticity but also of adaptive plasticity (D'Hertefeldt and Jónsdóttir 1994; Jónsdóttir and Watson 1997; Nilsson and D'Hertefeldt 2008; Roiloa et al. , 2014b Roiloa et al. , 2016 .
The main objective of this work was to detect the presence of adaptive plasticity in the capacity for physiological integration in the clonal invader Carpobrotus edulis (L.) N.E.Br. This species and its hybrids are known to invade sand dunes, rocky coasts and cliffs (Traveset et al. 2008) , and it has been considered as one of the most severe threats to numerous terrestrial plant communities in coastal habitats (D 'Antonio 1993; Vilà et al. 2006) . As a consequence, many studies have been carried out in order to determine the different aspects of Carpobrotus spp. ecology and invasiveness (e.g. Carranza et al. 2010; Novoa et al. 2014; Suehs et al. 2004; Weber and D'Antonio 1999) .
In this research, we specifically tested the effects of physiological integration (at morphological and physiological level) in genotypes from contrasting habitats (coastal sand dunes and rocky coast), where the importance of integration is expected to differ. The rocky coast habitats represented in our study, with shallow, low nutrient soils, exhibit more stressful conditions than sand dune habitats. This could lead to genotypes from rocky coast habitats to be more highly dependent on physiological integration. In a greenhouse experiment, we compared the growth and photochemical efficiency of connected and severed ramet pairs of C. edulis from these two habitats and growing in substrates of different quality and heterogeneity. We hypothesized that (i) regardless of the habitat of origin, older ramets will invest a higher proportion of their mass to roots when connected to younger ramets in unfavourable substrates than when they are either isolated or connected to younger ramets in favourable substrates. This plastic response would enable the transport of resources through the stolon from the older to the younger ramet. In this way, physiological integration could increase the photochemical efficiency and biomass production of connected younger ramets growing in unfavourable substrates. (ii) Physiological integration would be especially advantageous in resource-poor environments, and thus, we expect that this response brings greater benefits to populations from the harshest environments (i.e. the rocky coast habitat). Specifically, we expect that (a) the connected younger ramets from rocky coast habitats in unfavourable substrates will obtain higher benefits in terms of biomass and photochemical efficiency than connected younger ramets from coastal sand dunes and (b) older ramets from rocky coast will show a higher allocation of biomass to roots.
MATERIAL AND METHODS

Species
Carpobrotus edulis (L.) N.E.Br. (Aizoaceae), known commonly as ice plant, is a perennial succulent and creeping plant native to South Africa (Cape Region), where it develops in relatively dry and nutrient poor coastal conditions (Albert 1995) . It was introduced in the Iberian Peninsula in the early 20th century as an ornamental plant and for soil stabilization (Sanz Elorza et al. 2004) . C. edulis has opposite, finger-shaped and threeangled leaves bright to dark green, with red, orange or purple colouration along leaf margins and sometimes on leaf surfaces (Albert et al. 1997) . Its flowers are 8-12 cm wide, with petals emerging yellow and ageing pink (Vivrette 1993) . It is a stoloniferous plant with an extensive plagiotropic monopodial system whose main shoots (stolons, in botanical terms) have the capacity to form independent functional individuals (called ramets) by rooting some shoot nodes. This type of vegetative growth allows a very effective colonization of the surrounding area. In addition, C. edulis produces indehiscent fleshy fruits that are eaten and dispersed endozoochorously by small mammals (Bourgeois et al. 2005) or secondarily by myrmecochory (Affre et al. 2010) . As a result, C. edulis and its hybrids represent a serious ecological problem, forming dense mats on coastal ecosystems around the world.
Experimental design
The experiment considered three crossed factors with two levels each and eight replicates per each treatment combination (see Fig. 1 ): 'Habitat' (ecotypes from coastal sand dunes vs rocky coast), 'Connection' (connected vs severed) and 'Heterogeneity' (homogeneous vs heterogeneous substrate). Plant material for the experiment was collected in the vicinity of two different areas, the rocky coast habitat of Estai Cape (42°11.2′N, 8°48.9′W; NW Spain), and the coastal sand dune habitat of Quiaios Dunes Natural Park (40°13.4′N, 8°53.3′W; Portugal). In order to represent the genetic variability of C. edulis ecotypes within the two studied habitats (rocky coast and coastal sand dune), eight different C. edulis clumps, separated from each other by at least 50 m., were sampled in the surroundings of each site. Ramets from the Estai Cape site were clearly more vigorous and exhibited larger leaves than those from Quiaios Dune Natural Park. From each type of habitat, 32 ramet pairs were collected (4 ramet pairs from each clump). Because plant material within each site was collected over a relatively large area, we assume that each clump represents a different genotype and that the sampling points are replicate of the two studied ecotypes (i.e. eight different genotypes representing the coastal sand dune ecotype and eight different genotypes representing the rocky coast ecotype). Selected ramet pairs included the third and fourth ramet from the apices, to ensure that all ramet pairs were of the same age and developmental stage. The ramets used in the experiment did not have roots at the start of the experiment to guarantee that measured root growth represented responses to imposed treatments. The stolon in the ramet pairs remained intact in the connected treatment (physiological integration was allowed), but it was cut halfway between the two adjacent ramets in the severed treatment at the start of the experiment. We did not observe any immediate negative side effect of cutting the stolon (as sudden death or diseases, and all the ramets survived throughout the experiment). The older ramet in each pair always grew in favourable substrates (a nutrient-rich 3:1 mixture of potting compost and washed sand), whereas the younger ramets grew either in the same nutrient-rich substrate (homogeneous treatment) or in unfavourable substrates (a nutrient-poor Figure 1 : schematic representation of the experimental design showing the treatments used in this study: habitat (coastal sand dunes and rocky coast ecotypes), connection (connected and severed) and heterogeneity (homogeneous and heterogeneous substrate). Positive symbols for older and younger ramets growing in favourable substrates (3:1 potting compost: sand). Negative symbols for younger ramets growing in unfavourable substrates (3:1 stones: sand). See text for details.
3:1 mixture of stones and sand) (heterogeneous treatment). Each pair of ramets was planted in the same 5 L plastic pot, which was divided into two equal compartments by plastic barriers to prevent root interactions. Above-ground conditions were identical for both ramets, growing under a natural day/night light cycle. Carpobrotus edulis ramet pairs from each type of habitat and clump were equally represented in each combination of treatments. The experiment was carried out in an open-end greenhouse at the University of Santiago de Compostela (Spain). Plants were watered regularly to prevent water stress. The experiment began on 28 May 2014 and continued for 3 months.
Measurements
Growth and biomass allocation
Before the start of the experiment, fresh mass of the unrooted ramet pairs was recorded to ensure replicates were of similar initial size among treatments. At the end of the experiment, we determined fresh mass of ramet pairs. Then, each older and younger ramet was harvested separately and divided into the above-ground mass (including leaves and stolons) and root mass. Each of these fractions were dried at 60°C to constant mass and weighed to the nearest 0.0001 g (Mettler AJ100, Mettler-Toledo, Greifensee, Switzerland). Proportional allocation of biomass to roots was determined for individual ramets as the root mass ratio (RMR = root mass/total mass).
Leaf reflectance
We determined leaf reflectance parameters using a portable spectrometer (UniSpec Spectral Analysis System, PP Systems, Haverhill, MA). Measurements were done on a fully formed and healthy leaf for each older and younger ramet of all ramet pairs. Leaf reflectance parameters were determined at 30, 60 and 90 days from the start of the experiment. From the reflectance spectra of leaves (wavelength range from 306 to 1136 nm), we determined: (i) the chlorophyll content index (CHLI 700 ), calculated as R 750 /R 700 , where R 750 and R 700 are reflectance at 750 and 700 nm, respectively. This index is correlated closely with the chlorophyll content of leaves (Lichtenthaler et al. 1996; Wood et al. 1993) . (ii) The photochemical reflectance index (PRI 531 ), calculated as (R 531 − R 570 )/(R 531 + R 570 ). Previous investigations have demonstrated that PRI is significantly correlated with both net CO 2 uptake and the photosynthetic radiation use efficiency (mol CO 2 mol −1 photons) (Gamon et al. 1997; Inoue et al. 2008; Peñuelas et al. 1995) . PRI has also been correlated inversely with the levels of de-epoxidized (photoprotective) xanthophyll cycle pigments (Sims and Gamon 2002; Stylinski et al. 2002) . These leaf spectral reflectance parameters reflect the physiological status of the plant at a photochemical level and therefore represent the effect of clonal integration.
Chlorophyll fluorescence
At the same dates, and on the same leaves where reflectance parameters were recorded, we determined chlorophyll fluorescence parameters with a portable pulse amplitude-modulated fluorometer (MINI-PAM photosynthesis yield analyzer; Walz GmbH, Effeltrich, Germany) by the saturation pulse method (Schreiber et al. 1998 (Butler and Kitajima 1975) .
Statistical analyses
Prior to analyses, normality and homoscedasticity of the data were checked using Kolmogorov-Smirnov and Levene tests, respectively. To meet the model assumptions, CHL index of older ramets and Fv/Fm of older and younger ramets were quadratic transformed. We conducted separate analyses for the total dry mass of ramet pairs (older + younger) from dune and rocky habitats, using two-way analysis of variance (ANOVA) with 'connection' and 'heterogeneity' as main factors. To correct for the differences in initial size, final total mass (aboveground mass + root mass) of the ramet pairs was determined as the increase in total dry mass (Final dry mass -Initial dry mass). Initial dry mass was estimated from a regression of final dry mass on final fresh mass (R 2 = 0.94, n = 64). In the same way, we conducted two separate ANOVAs with 'connection' and 'heterogeneity' as main factors to test for differences in the total dry mass of younger ramets from dune and rocky habitats, respectively. We conducted separate two-way ANOVAs for dune and rocky coast to avoid confounding effects due to a greater initial size of ramet pairs from rocky habitats (ANOVA F 1, 64 = 28,162, P < 0.001). Differences between treatments in the proportional biomass allocated to roots (RMR) were analysed using three-way ANOVA, with 'habitat', 'connection' and 'heterogeneity' as main factors. For RMR, separate analyses were conducted for older and younger ramets. Differences between treatments in leaf spectral reflectance (CHL and PRI) and chlorophyll fluorescence (Fv/Fm) parameters were determined by three-way repeated-measures ANOVA, with 'habitat', 'connection' and 'heterogeneity' as between-subject effects, and 'time' as the within-subject effect. For CHL, PRI and Fv/Fm, we conducted separated analyses for older and younger ramets. Significance level was set at P < 0.05. Statistical tests were performed with IBM SPSS Statistics 19.0 (IBM Corporation, Armonk, NY, USA).
RESULTS
Whole clone-'Growth'-connected ramets had higher biomass than severed ramets in genotypes from rocky habitats (F = 5.890; P = 0.022), but not in genotypes from sand dune habitats (F = 2.042; P = 0.164; Table 1 ; Fig. 2a and b) .
Individual ramets-'Growth and biomass allocation'-connection increased significantly the total dry mass of younger ramets in genotypes from the rocky habitat (F = 5.969; P = 0.021), but not in genotypes from the dune habitat (F = 0.021; P = 0.887; Fig. 2c and d) . The proportion of dry mass allocated to root (RMR) by younger ramets from both habitats was significantly reduced by connection (Table 2 ; Fig. 3a ). Older ramets increased RMR when connected, but the strength of this response was amplified in heterogeneous environments (Table 2 ; Fig. 3b ). RMR of older ramets was significantly higher in genotypes from coastal sand dunes than in genotypes from rocky habitats (Table 2 ; Fig. 3c ). Irrespective of connection, RMR of younger ramets from rocky habitats increased significantly when grown in unfavourable substrates, but we did not observe such an effect in younger ramets from the dune habitat (Table 2 ; Fig. 3d ).
Leaf spectral reflectance and chlorophyll fluorescence
For older and younger ramets, the CHL index was significantly greater in ramets from rocky habitats than in ramets from coastal sand dune habitats (Table 3 ; Fig. 4a and b) . The increase of CHL index in older ramets was significantly greater in heterogeneous treatments than in homogeneous treatments (Table 3 ; Fig. 4e ). The effect of the connection on increasing PRI values of older ramets decreased significantly over time (Table 3 ; Fig. 4c and d) . PRI of older ramets was significantly greater in homogeneous than in heterogeneous treatments (Table 3 ; Fig. 4f ). No significant effect of habitat, connection or heterogeneity was detected for PRI in younger ramets (Table 3) . Connection increased Fv/Fm of younger ramets in heterogeneous treatments but decreased it in homogeneous treatments (Fig. 5a ). Fv/Fm of older ramets was affected by the interaction of connection, heterogeneity and time (Table 3 ). This parameter increased significantly over time for connected ramets growing in heterogeneous treatments (Fig. 5b) .
DISCUSSION
Resource translocation in clonal plants is a phenomenon mainly governed by source-sink principles, i.e. by differences in local demand and supply of resources within plants (see Pitelka and Ashmun 1985 , for a review). In our experiment, as it was expected, we found an increase in biomass allocated to roots in older ramets when connected to younger ramets, but this response was amplified in the heterogeneous treatment (i.e when connected to younger ramets in As response variable we used the change in total dry mass of each pair of ramets over the course of the experiment. Values of P < 0.05 are in bold. See Fig. 2 for data.
Figure 2: mean total dry mass (g) (±SE) for the whole clone (older + younger ramets) from (a) sand dune and (b) rocky coast habitats, connected (filled bars) and severed (empty bars). As response variable we used the difference in total dry mass of ramet pairs between the dry mass measured at the end of the experiment and the estimated dry mass at the start of the experiment; (c) and (d) represent mean total dry mass (g) of connected (filled bars) and severed (empty bars) younger ramets from coastal sand dune (c) and rocky coast habitats (d). Different letters denote significant differences (P < 0.05) on main effects. See Table 1 for ANOVA.
unfavourable substrates). Such plasticity in biomass allocation patterns of C. edulis could therefore explain the effective transport of resources through the stolon from the older to the younger ramet. Moreover, we found that the expected transport of essential resources from older ramets allowed connected younger ramets to reduce their biomass allocated to roots and therefore they could potentially maximize the above-ground growth with the subsequent expansion into new habitats. Previous studies have described morphological responses of ramets that can compensate for resource-acquisition deficiencies caused by their offspring being located in poor quality habitat patches (non-local morphological plasticity) (de Kroon et al. 2009; Friedman and Alpert 1991; Hutchings and John 2004; Roiloa and Hutchings 2013; Sachs 2008) .
The maximum quantum yield of photosystem II (Fv/Fm), which usually decreases significantly when plants face environmental stress (Björkman and Demmig 1987) , is a sensitive indicator of plant photosynthetic performance (Schreiber et al. 1998) . In our study, we found an increase of Fv/Fm in connected younger ramets growing in unfavourable substrates. We interpret these results as a benefit of integration for ramets colonizing harsh conditions. Previous studies have reported similar responses, with a benefit of integration in terms of photochemical activity, especially under stressful environments (Roiloa and Retuerto 2006) . We also found an increase of Fv/Fm in older ramets supporting the offspring in unfavourable substrates. This result can be understood as a compensatory response of the older ramets to meet the demand of their younger ramets in a stressful environment. Similar results have been reported for Fragaria vesca by Retuerto (2005, 2007) , who found that parents supporting offspring ramets in water stress conditions showed an enhancement of their photochemical efficiency. Overall, the results of the present study support our first hypothesis on the beneficial effects of physiological integration on growth and photochemical efficiency of connected ramets of the invader C. edulis.
Phenotypic plasticity-the change in the expressed phenotype of a genotype as a function of the environment (Bradshaw 1965 )-is frequently mentioned as a characteristic promoting invasiveness of plant species (Baker 1965; Hulme 2008; Richards et al. 2006) . Species capable of showing highly plastic responses to changes in certain environmental factors can express optimal phenotypes in different habitats and under different growing conditions (Keser et al. 2014) . In our study, we expected that physiological integration provides higher benefits to genotypes from rocky coast habitats compared to genotypes from coastal sand dunes. Our results supported this hypothesis. The effect of connection significantly increased performance-in terms of biomass production-in clones from rocky coast habitats but not in clones from sand dune habitats. A higher chlorophyll content for genotypes from rocky coast habitats compared to those from sand dunes provides further support for our hypothesis. These responses demonstrate a more important role of physiological integration in harsh rocky coast habitats, where this trait could represent an advantage or even be fundamental for younger ramet survival. These results suggest a positive selection of ramets with a higher ability to share resources in harsher environments and confirm the existence of ecotypes differing in their capacity for physiological integration. Physiological integration has been demonstrated to be beneficial under harsh conditions (Jónsdóttir and Watson 1997) , although the process of local adaptation does not always emerge. Thus, for example, Nilsson and D'Hertefeldt (2008) did not detect significant differences for physiological integration in the clonal herb Aegopodium podagraria between populations growing in harsh and milder environmental conditions. These authors suggested that the differences in harshness between the two environments were not large enough to detect changes in resource sharing capacity.
In our study, the observed differences in the capacity for physiological integration between genotypes from populations growing in different environments (coastal sand dune vs rocky coast) could indicate a process of local adaptation, where rapid adaptive evolution selected for beneficial attributes in each environment. Our results would therefore support the invasiveness hypothesis, stating that natural selection pressures drive rapid genetic changes favouring invasiveness (Lee 2002; Stockwell et al. 2003) . In this sense, a recent study showed that Values of P < 0.05 are in bold. See Fig. 3 for data.
clonal integration brings greater benefits to clones of C. edulis in the non-native range, suggesting a process of rapid adaptive evolution during the invasion (Roiloa et al. 2016) . Contrary to our predictions, we found a higher biomass allocated to roots in older ramets from sand dunes than in those from rocky coast. This pattern of allocation was not observed for younger ramets. This result, as that reported by Roiloa et al. (2014b) , is consistent with a specialization of ramets to obtain resources where they are most abundant to use them where they are most scarce, i.e. division of labour sensu Stuefer et al. 1996) . Coastal sand dunes, characterized by a patchy distribution of resources (Martínez et al. 2004) , may be more prone to experience conditions suitable to be exploited by division of labour, compared to rocky habitats with a more uniform spatial distribution of resources. Younger ramets from rocky habitats growing in unfavourable substrates maximized their performance by making greater investments in roots to uptake the scarce soil resources, as predicted by the classical allocation theory (Bloom et al. 1985) . Our research, along with previous studies reporting the adaptive value of clonal integration (Stuefer et al. 1994; , strongly suggest that these resource-sharing strategies may play a decisive role in the great success that clonal species in general, and clonal invaders in particular, have obtained in many natural habitats.
CONCLUSION
Our study clearly indicates that clonal integration improves the performance in growth and photosynthetic efficiency of the aggressive invader C. edulis. We demonstrated that the adaptation of C. edulis to local environments have led to a differential selection of clonal traits associated with the capacity for clonal integration. This finding strongly suggest that differences observed between ecotypes were genetically based, corroborating that C. edulis populations are experiencing rapid evolutionary responses in the invaded area. In the harsher rocky coast habitats, where resources are scarce but more Figure 3 : final measurements (mean ± SE) of the proportion of biomass allocated to roots, estimated as RMR of younger ramets (a, d) and older ramets (b, c) from coastal sand dune (light grey bars) and rocky coast habitats (dark grey bars), connected (black bars) and severed (white bars) and growing under homogeneous and heterogeneous substrates. For (a) and (c), different letters denote significant differences on main effects according to ANOVA (see Table 2 ). For (b) and (d) different letters denote significant differences (P < 0.05) according to ANOVAs performed independently for homogeneous and heterogeneous substrates (b) and for coastal sand dune and rocky coast habitats (d).
uniformly distributed, local adaptation has produced highly integrated ecotypes, where resource sharing by a close cooperation between ramets is not combined with a specialization for abundance. With this new study, we demonstrate that C. edulis has been able to quickly evolve two different aspects of clonal integration that determine site-specific strategies in order to optimize its successful propagation in a particular habitat. Predicting and understanding the plasticity of invasive species under these different scenarios has important implications for the successful preservation or restoration of coastal habitats. Values of P < 0.05 are in bold. See Fig. 4 and Fig. 5 for data. : mean values (±SE) for spectral reflectance parameters (CHL and PRI) of older ramets (a, c, d, e, f) and younger ramets (b) connected (black bars) and severed (white bars) from coastal sand dune (light grey bars) and rocky coast habitats (dark grey bars), growing under homogeneous (dotted white bars) and heterogeneous (dotted grey bars) substrates. Different letters denote significant differences on main effects according to ANOVA (see Table 3 ). For Fig. 4d , different letters within each time denote significant connection differences (P < 0.05). . Same letters denote non-significant differences. See Table 3 for ANOVAs.
